Poly-p-phenylenebenzobisoxazole ͑PBO͒ is a fully conjugated, heterocyclic aromatic rigid-rod polymer having a collinear and coplanar backbone leading to excellent thermo-oxidative stabilities, mechanical tenacity, and optoelectronic properties. PBO is inherently a liquid-crystalline polymer and can be obtained as uniaxially oriented fiber or film by extrusion of acidic solution. Schemes for making uniaxial freestanding films and monolayered luminescence devices for polarized optical absorption and emission were processed from a uniaxial PBO fiber. Wide-angle x-ray scattering revealed that the starting fiber and the resulting films were highly oriented. UV-Vis transmission spectra over 200 to 800 nm indicated that the PBO films also had polarized absorption with an attenuation coefficient ratio ␣ Ќ /␣ ʈ ϭ1.7. The photoluminescence ͑PL͒ of the PBO films was excited at 363 nm, showing an emission intensity ratio I ʈ /I Ќ as high as 5. The anisotropic PBO film was sandwiched between an indium tin oxide substrate and an Al electrode for monolayer light-emitting diodes ͑LEDs͒, showing an electroluminescence ͑EL͒ intensity ratio I ʈ /I Ќ ϭ1.6 together with a markedly decrease in threshold voltage. PL and EL results demonstrated that a highly polarized luminescence emission was achieved by using the uniaxially oriented PBO films. The polarization effects in absorption and luminescence were absent for isotropic PBO films or LEDs.
INTRODUCTION
Polarization of electromagnetic waves is important for such modern optical technologies as metrology, display, and communication. It is generated with optically anisotropic materials via emission or absorption mechanism. For linear polarization, the anisotropic material must acquire uniaxially aligned dipoles. Other than the effect of Brewster angle, relevant materials can be found in crystals of high birefringence or in nematic liquid crystals.
A polymer of flexible and intertwined chains can be aligned using an enthalpy effect. It is as simple as lining up a shear field to the polymer backbone to maximize molecular dipole for linear polarizability. Even though local preferential orientation is readily obtainable for polymers, it is difficult to achieve a globally uniaxial orientation for maximum dipole moment because of chain entanglement. For a rigid-rod ͑RR͒ polymer, the maximum dipole moment is readily achieved for each chain because of its rodlike backbone, which also eliminates chain entanglement. From entropy consideration, RR polymers tend to aggregate uniaxially until the aspect ratio of this aggregation approaches 1.
1,2 Because of the rigid backbone and the entropic effect, RR backbone can be aligned uniaxially for linear polarizability.
A fully conjugated RR polymer has further advantages in optoelectronics including nonlinear optics, electrical conductivity, and electroluminescence ͑EL͒. Recent research has focused on the efficient nonlinear optical response 3-5 for optical memory, switching, computing, etc. For a linear polymer, its optoelectronics is determined by the delocalization of electrons along its conjugated backbone driven by external electromagnetic field. Upon doping or photoexcitation, 6 ,7 the conjugated polymers acquire high carrier mobility via delocalization of electrons. The delocalization length is determined by the degree of disorder and by the energy state of the chain. For a long delocalization length of conjugated polymer, a variety of processing techniques has been developed, focused on chain extension and alignment for uniaxial orientation, to improve the structure and electronic order. Preferential orientation enhances molecular dipole and electron mobility, mainly because the charge carrier can be easily transferred in an orderly structure following a specific direction. 8, 9 Controlling the chain conformation, molecular orientation, and packing density into a highly ordered system for a conjugated linear polymer could be an attractive approach to enhance optoelectronic response in particular linear polarizability. A uniaxially oriented polymer can thus be employed for polarized emission in light-emitting diodes ͑LEDs͒.
10,11
The most studied RR system is the heterocyclic aromatic polymers of poly-p-phenylenebenzobisazoles ͑PBX͒ 12-18 as illustrated in Fig. 1 . PBX is a class of polymers assuming a a͒ paracatenated backbone, yielding a rodlike configuration. The only conformational flexibility is provided by the rotation of bonds between alternating phenylene and heterocyclic groups. 19, 20 These rodlike molecules consequently display superior mechanical tenacity and thermo-oxidative stability. Most heteroaromatic RR polymers do not show glass transition behavior before degrading above 560°C, and are soluble only in a few protic acids. They are fabricated using methanesulfonic acid ͑MSA͒ and Lewis acid. 21, 22 The PBX backbones all have alternating single and double bonds, leading to fully conjugated polymers. In recognizing the conjugated backbone together with collinear and coplanar configuration unique to the PBX polymers, extensive investigations are currently centered on the opto-electronics of these RR polymers. 4, [21] [22] [23] In this study, we extended our previous study of monolayered PBX LEDs to include poly-p-phenylenebenzobisoxazole ͑PBO͒, which is a fully conjugated RR polymer commercialized by the Toyobo Company Ltd. of Japan as Zylon ® fibers having high degradation temperature, modulus, strength but which are lightweight. 18,24 -33 Our interest was to transfer the uniaxial PBO orientation in Zylon ® fiber to make freestanding films as well as monolayer LEDs for polarized absorption, photoluminescence ͑PL͒, and EL. The design, fabrication, optical absorption, luminescence response, electrical behavior, as well as morphology and microstructure, are reported hereinafter.
EXPERIMENTAL PROCEDURE
Parallel studies were conducted on isotropic and uniaxially oriented PBO films. The experimental approach was similar to what we reported elsewhere. 23 Here, we focused on the fabrication, and the analysis of isotropic and uniaxial PBO freestanding films and LED devices.
PBO polymer and solvents
Uniaxially oriented Zylon ® fiber was spun from a PBO/ polyphosphoric acid solution, coagulated in water, and annealed at 600°C. The Young's modulus of the PBO fiber was 350 Gpa. The observed density was 1.56 g/cm 3 . 34 With a fully conjugated backbone, PBO polymer has excellent charge mobility, but is electrically insulating, inherently lacking charge carriers. 19, 35 The solvents used here were distilled MSA, as well as Lewis acid of aluminum chloride in nitromethane.
23
Isotropic thin film and LED devices PBO fiber was dissolved in acidic solvent at a concentration of 0.1 wt. % for an isotropic solution. The isotropic PBO solution was then spin-coated or doctor-bladed onto a glass or indium tin oxide ͑ITO͒, which is a colorless conductor, evaporated onto a glass substrate to retain its transparency. The ITO substrate was the hole injector for the LEDs and had a uniform surface conductivity of 20.7 ⍀/ᮀ as well as a work function of 4.80 eV. The spun PBO solution was coagulated and washed in water for PBO film extraction. The film could be dried as freestanding film for UV-Vis absorption and PL measurements, or be left adhering to the ITO substrate ͑ITO/PBO͒ to be fabricated into an LED by evaporating Al on the PBO surface as an electron injector.
Uniaxial thin film and LED devices
For making anisotropic freestanding films or monolayer LED devices, we had two schemes to utilize the uniaxial nature of the PBO fiber. One scheme was mechanical shearing of a partially dissolved PBO fiber. The other scheme, called the ''fusion processing'' method, preserved the maximum orientation of this RR fiber.
Mechanical shearing
For obtaining oriented film, PBO fibers were lined up uniaxially placing into MSA spun on a glass slide for partial dissolution. After axially removing residual PBO fiber, the PBO/MSA solution was then heated to 60°C and sheared along the fiber axial direction followed immediately by coagulation and wash in deionized water for an oriented film. To fabricate a LED device, the oriented PBO was likewise processed onto an ITO substrate. The oriented polymer thin film was left adhered to the ITO substrate to be further processed into a LED for current-voltage response, EL measurement, and scanning electron microscopic examination.
Fusion processing
This scheme was designed to preserve the uniaxial orientation of PBO molecules in the Zylon ® fiber. A monolayer of PBO fibers was lined up on a glass substrate followed by introducing a thin coating of MSA to fuse the fibers together for an uniaxially oriented PBO film. With this scheme, we were able to dissolve only the outer layer of the PBO fiber producing a thick film of uniaxial orientation. The fused uniaxial PBO film was removed as a freestanding film for polarizing optical microscope, scanning electron microscope, PL, and wide-angle x-ray scattering ͑WAXS͒ measurements.
Optoelectrical analyses
The PBO freestanding films and the ITO substrate were measured for absorption spectra using a Hitachi ® 3500 spectrophotometer covering an UV-Vis wavelength range of 185 nmрр800 nm. 23 The effect of linear polarization was differentiated using two identical polaroid plates.
Based on the UV-Vis absorption spectra, an Innova 90-5 argon laser of 10 W/cm 2 from Coherent, ® Inc. was used to provide a single-mode excitation at 363 nm at an angle about 45°to the freestanding film surface. The laser electric field vertical to horizontal polarization ratio was 100:1. An Acton Research ® monochromator analyzer aimed at the PBO film for measuring the PL spectrum covering 350-900 nm at a scanning step of ⌬ϭ3 nm. The Acton Research ® analyzer had a grating of 1200 lines/mm and a Hamamatsu Photonics ® photomultiplier operating at a bias voltage of 1000 V. The polaroid plate was placed on a rotation stage before the entrance slit of the monochromator as an analyzer for PL emission.
A Keithley ® 237 Source and Measurement Unit was used to provide dc voltage and to measure the current of the monolayer PBO LEDs with the Al electrode. The device threshold voltage is taken at a voltage starting to yield appreciable current. This I -V measurement was controlled by a Quick Basic ® program via an IOtech ® 488 bus. 23 The EL spectra of the PBO LED at various bias voltages above the threshold voltage were measured in situ at room temperature using a fiber-optics spectrometer, USB ® 2000 manufactured by Ocean Optics, Inc., which employed a high-performance 2048-element linear array detector of silicon CCD. The CCD effective wavelength range was 200 to 1100 nm. The grating was 600 lines/mm for UV-Vis ͑250-800 nm͒ spectrum. A NIST-traceable deuterium light source was used to calibrate the optical system and to measure absolute spectral intensities. The EL spectra were obtained through the transparent ITO substrate and corrected using the transmission spectrum of the ITO substrate.
Film and device morphology
A JEOL ® JSM 6330 field-emission scanning electron microscope ͑FE-SEM͒ was used to image the PBO LED. The cross-sectional area of this nonconducting PBO polymer was coated with evaporated Au to prevent charging and to improve imaging resolution. 23 X-ray scattering on the PBO freestanding film for molecular orientation was conducted using a flat-film camera with pinhole collimation. Cu K ␣ radiation (ϭ0.1542 nm) was extracted with a Ni ␤-filter. A phosphor imaging plate coated with crystalline BaFBr:Eu ϩ2 was the detection medium for superior sensitivity, linearity, and dynamic range. X-ray intensity on the phosphor imaging plate was then extracted using a FUJI ® BAS 1800 scanner at a spatial resolution of 50 m for analysis. 23 For this investigation, we performed WAXS covering a reciprocal space of 18 nm Ϫ1 ϾQ Ͼ1 nm Ϫ1 , where Qϵ4 sin(/2)/, being the scattering angle. This allows coverage of a real space ͑d͒ range of 0.10 nmϽdϽ6.3 nm pertinent to the unit cell structure, lattice orientation, and molecular packing.
RESULTS AND DISCUSSION
Fully conjugated PBO fiber has been commercialized, attracting much attention because of its superior stabilities, mechanical properties, and electronic as well as optoelectronic potentials. In this study, all film fabrication schemes were based on the PBO fiber. WAXS was pursued to examine the morphology of PBO fibers, as shown in Fig.  2 . With a PBO fiber bundle aligned vertically and measured, the difference in equatorial and meridional WAXS means the RR chains were highly anisotropic in the fiber, with a monoclinic lattice cell of aϭ1.14 nm, bϭ0.36 nm, both along the equatorial direction, and c (fiber axis)ϭ1.21 nm along the meridional direction. We know that the PBO molecule repeat unit is 1.21 nm, the side-to-side distance is 0.57 nm, and a face-to-face distance of 0.36 nm. The WAXS scattering showed, indeed, the uniaxial effect of the PBO RR polymer in the Zylon ® fiber. UV-Vis absorption spectra shown in Fig. 3 confirm very small polarization effects in the freestanding film from a sheared isotropic PBO solution. The UV-Vis absorption spectra are identical for the isotropic film regardless the angles between the PBO film and the analyzer director indicating an optically isotropic film, that is, no effect of polarization. It is evidenced that for the PBO film from a sheared isotropic solution, there is no preferential orientation in optical absorbance, and the maximum absorption occurs at about 404 nm or 3.07 eV. It is also given in Fig. 3 that the distinctly different absorption spectra for an anisotropic freestanding film with shear direction parallel ͑ ʈ ͒ and perpendicular ͑Ќ͒ to the optical director of the polaroid analyzer. The attenuation co- efficient ␣ Ќ is greater than ␣ ʈ , as expected. For comparison, the absorption spectra in Fig. 3 were scaled to that from the anisotropic film; the dichroic ratio in ␣, (␣ Ќ /␣ ʈ ) at 3.12 eV ͑397 nm͒ was 1.7. This indicates a decrease in optical absorption along the shear ͑uniaxial͒ direction of the PBO polymer, which was the axial direction of the Zylon ® fiber. However, this dichroic ratio is less than 2.74, as reported for the ͑PBT͒ Langmuir-Blodgett films. 5 More will be discussed later on this point.
Both isotropic and anisotropic PBO freestanding films were investigated for PL emission by passing a highly polarized argon laser at a wavelength of 363 nm, with its polarization director parallel or perpendicular to the shear direction of the freestanding films. As shown in Fig. 3 , PL intensity of the PBO freestanding film processed by shearing an isotropic solution was insensitive to the angle between the laser polarization director and the film shearing direction, suggesting strongly that, in addition to isotropic UV-Vis absorption, the film had isotropic photoexcitation response peaking at 2.00 eV ͑620 nm͒.
Because the argon laser had a high linear polarization ratio of 100:1, the intensity diversity from parallel and perpendicular to the shear ͑or fiber axial͒ direction of the anisotropic freestanding film is shown, respectively, as line and dash in Fig. 3 . The PL spectra in Fig. 3 were normalized to the maximum I ʈ at max ϭ607 nm (2.04 eV), yielding an I ʈ /I Ќ ratio of 1.3. With the laser polarization director parallel to the shear direction of the anisotropic freestanding film, the PL emission was excited and measured by inserting a linear analyzer between the freestanding film and the monochromator/photomultiplier detection system. The PL emission intensity reached the maximum or the minimum value as the analyzer set respectively parallel or perpendicular to the shear direction of the freestanding film. The PL emission intensity ratio I ʈ /I Ќ was increased to 2.0 at max ϭ607 nm. Compared to the case without using the analyzer, this result clearly demonstrates that polarized PL emission was obtained using mechanical shearing of anisotropic solution. Since the I ʈ /I Ќ ratio increased from 1.3 to 2.0 by using an analyzer, it is suggested that there was a depolarization effect of the anisotropic freestanding film. In other words, the sheared anisotropic freestanding film was still not yet uniaxial. This is affected by two possible causes from film fabrication. ͑1͒ The partially dissolved PBO fiber was heated at 60°C for mechanical shearing. At an elevated temperature, the PBO/MSA mixture would have a lower viscosity and be easier to shear, but the polymer would diffuse more. The molecular alignment in the original fiber would thus be disturbed due to the temperature. ͑2͒ More significantly, from a solution containing less than 10 wt % of PBO, there would be drastic volumetric reduction in coagulation of the sheared solution to remove MSA for anisotropic film. This volumetric reduction would induce rearrangement of the RR polymer, causing random alignment or orientation for the depolarization effect. These PL spectra related to the increase of I ʈ /I Ќ value from 1.3 to 2 will be presented, compared, and analyzed together with those from the fusion processing scheme.
For fabricating the monolayer PBO LED, the polymer was similarly processed by spin-coating the isotropic PBO solution, or uniaxially shearing a solution of partially dissolved PBO fiber onto the ITO substrate, also serving as the hole injector. Al was evaporated in high vacuum onto the PBO surface of the ITO/PBO unit as the electron injector for a monolayer PBO LED. The layered ITO/PBO/Al unit was imaged by FE-SEM and shown in Fig. 4 for an anisotropic PBO layer processed by mechanical shearing scheme. It had layer thickness of 49 nm for evaporated Al, 61 nm for sheared PBO, and 88 nm for the ITO layer. The I -V relationship of the two PBO LEDs was tested and shown in Fig.  5 , both indicating diodic response. The threshold voltage decreased from 7 V for the isotropic PBO LED to 5 V for the anisotropic PBO LED. At a bias voltage of ϩ7.5 V, the anisotropic EL emission is given in Fig. 6 , which shows the EL spectra with an analyzer parallel and perpendicular to the shear direction of the anisotropic PBO film as line and dash, respectively. The intensity with analyzer parallel to the shear direction of anisotropic PBO was 1.58 times higher than that of the analyzer perpendicular to the shear direction. This result clearly demonstrates that a polarized EL emission was obtained using deposition and shearing of partially dissolved PBO fiber.
Molecular orientation significantly influences the I -V and the EL results of the monolayer PBO LED. Considering the EL emission, the isotropic PBO LED was hardly detectable below a bias voltage of 8 V in spite of identical layered composition ͑such as layer thickness͒ compared to that of the anisotropic PBO LED. This remarkable difference is ascribed to the highly polarized anisotropic emission from the RR molecule. Since the highest-occupied/lowest-unoccupied molecular orbital transition dipole polarizes along the RR backbone, the electron and the hole could easily recombine along the direction of the PBO backbone. In addition, it is known that the entropy effectively making the PBO molecule lay along a direction of the thin film, or perpendicular to the normal of the film. Thus, intermolecular charge transfer was facilitated when the PBO backbone was aligned in a uniaxial order to satisfy this requirement. Therefore, the anisotropic order of the collinear, coplanar, conjugated PBO is a favorable configuration for an improved charge recombination, as evidenced in the I -V and the EL results.
A monolayer of Zylon ® fiber was partially wet and fused together by the fusion processing scheme. WAXS revealed that the fused film retained identical molecular orientation and lattice structure, as shown in Fig. 2 for uniaxially aligned PBO fiber bundle. It indicated that the molecular orientation of fused film of PBO fiber remained essentially unchanged after applying the fusion processing scheme. Since the molecular orientation of the fused PBO film matched that of the fiber, it could be concluded that we had processed a highly uniaxially oriented PBO film.
FE-SEM examination was performed on the uniaxially fused PBO film and shown in Fig. 7 . It is known that the PBO fiber had an average diameter of approximately 15 m. 31 A FE-SEM micrograph showed the thickness of the fused film was near 15 m indicative that the film was constructed with a monolayer of the PBO fiber. In addition, all the fiber filaments were aligned along a single direction to constitute a highly uniaxial sample for PL examination.
PL emission was measured on the fused PBO film as a function of angles between the axial direction of the composing PBO fiber and the highly polarized laser over a 360°r ange. Figure 8 demonstrates the anisotropy polarization behavior in PL emission of uniaxial PBO fused film at different film rotating angles. The PL intensity was found to be a symmetric pattern with respect to the fiber axial direction. The PL emission reached the maxima or the minima for the laser polarized parallel or perpendicular to the uniaxial film, respectively. The PL emission spectra illustrated in Fig. 8 were scaled to that of maximum I ʈ at max ϭ579 nm ͑2.14 eV͒, and the PL emission intensity ratio I ʈ /I Ќ was 5, indicating that the fused PBO film was highly uniaxial. With the laser polarization director parallel to the axial direction of the fused PBO film, the PL emission was excited and measured by inserting a linear analyzer between the fused film and the monochromator/photomultiplier system. Figure 9 shows the anisotropic PL emission spectra of this fused PBO film together with mechanically sheared anisotropic PBO film, as related to the analyzer oriented parallel or perpendicular to the fiber axial or shear direction. The PL intensity ratio (I ʈ /I Ќ ) of the fused PBO film was much higher than that of the mechanically sheared anisotropic PBO film (I ʈ /I Ќ ϭ2.0). A highly polarized PL emission was clearly demonstrated. It is also revealed in Fig. 9 that there is a distinct and consistent max mismatch for these two freestanding films. The uniaxial film from fusing a single layer of PBO fiber showed a 30 nm PL emission blueshift in comparison with that of the mechanically sheared anisotropic PBO film. This can be attributed to a molecular package which lacked threedimensional order from the coagulation of a nematic liquidcrystalline state for the collinear, coplanar PBO molecules. This would impede the -electron overlapping and charge transport, resulting in a blueshift in the PL emission. On the other hand, the mechanically sheared anisotropic PBO film was processed at a much lower concentration ͑or viscosity͒ and sheared at an elevated temperature ͑60°C͒. Both facilitated a better molecular package for -electron overlapping and charge transport.
CONCLUSION
Using the uniaxial molecular orientation of a fiber of PBO rigid-rod polymer, three distinctly different films were generated. Freestanding films from a sheared isotropic solution yielded isotropic UV-Vis absorption at max ϭ404 nm ͑3.07 eV͒ and PL emission spectra at max ϭ620 nm ͑2.00 eV͒. Similarly processed monolayered LED of ITO/PBO/Al showed a threshold voltage of 7 V and minimum EL emission. For an anisotropic freestanding film processed by shearing a PBO fiber solution, the UV-Vis absorption coefficient ratio ␣ Ќ /␣ ʈ ϭ1.7 at max ϭ397 nm ͑3.12 eV͒, and the PL emission intensity ratio I ʈ /I Ќ ϭ1.3 at max ϭ607 nm ͑2.04 eV͒. Anisotropically processed monolayered LED of ITO/ PBO/Al showed a threshold voltage decreased to 5 V. EL emission was enhanced and shown to be highly polarized with intensity ratio I ʈ /I Ќ Ϸ1.6 at max ϭ607 nm. For eliminating the misalignment happened to the PBO fiber in making a film, a monolayer of the fiber was combined for a fused film. X-ray scattering demonstrated that the fused film retained the uniaxial orientation of the original fiber; PL intensity ratio I ʈ /I Ќ could be as high as 5 at max ϭ579 nm ͑2.14 eV͒. The optical and electrical responses with increasing molecular order yielded a blueshift and a lower threshold voltage, respectively. It means that the molecular spatial structure influence the delocalization length and charge transfer behavior. It is thus concluded that the polarization effects in optical absorption, PL emission and EL emission are demonstrated and correlated with the uniaxially oriented rigid-rod polymer PBO.
